Nocardia species identification is difficult due to a complex and rapidly changing taxonomy, the failure of 16S rRNA and cellular fatty acid analysis to discriminate many species, and the unreliability of biochemical testing. Here, Nocardia species identification was achieved through multilocus sequence analysis (MLSA) of gyrase B of the ␤ subunit of DNA topoisomerase (gyrB), 16S rRNA (16S), subunit A of SecA preprotein translocase (secA1), the 65-kDa heat shock protein (hsp65), and RNA polymerase (rpoB) applied to 190 clinical, 36 type, and 11 reference strains. Phylogenetic analysis resolved 30 sequence clusters with high (>85%) bootstrap support. Since most clusters contained a single type strain and the analysis corroborated current knowledge of Nocardia taxonomy, the sequence clusters were equated with species clusters and MLSA was deemed appropriate for species identification. By comparison, single-locus analysis was inadequate because it failed to resolve species clusters, partly due to the presence of foreign alleles in 22.1% of isolates. While MLSA identified the species of the majority (71.3%) of strains, it also identified clusters that may correspond to new species. The correlation of the identities by MLSA with those determined on the basis of microscopic examination, biochemical testing, and fatty acid analysis was 95%; however, MLSA was more discriminatory. Nocardia cyriacigeorgica (21.58%) and N. farcinica (14.74%) were the most frequently encountered species among clinical isolates. In summary, five-locus MLSA is a reliable method of elucidating taxonomic data to inform Nocardia species identification; however, three-locus (gyrB-16S-secA1) or four-locus (gyrB-16S-secA1-hsp65) MLSA was nearly as reliable, correctly identifying 98.5% and 99.5% of isolates, respectively, and would be more feasible for routine use in a clinical reference microbiology laboratory.
As part of the aerobic actinomycetes, Nocardia is a group of filamentous branching bacilli that are characteristically Gram positive and modified acid fast. Although Nocardia species normally exist as soil saprophytes, they have increasingly been isolated as infectious agents in immunosuppressed patients and, in some cases, even healthy individuals. Infections range from pulmonary nocardiosis, characterized by necrotizing pneumonia, to cutaneous nocardiosis and even brain abscess (25) .
For nearly a century, since its inception in 1888 by Edmund Nocard, the genus Nocardia comprised only about a dozen species (26) , largely because the somewhat biochemically inert nature of the group inhibited characterization (6) . However, in 1988, Wallace et al. (38) uncovered latent diversity when they described six antimicrobial susceptibility pattern types among clinical isolates. DNA (e.g., 16S rRNA [16S] gene) sequencing confirmed and further expanded knowledge of the genetic diversity within the genus (6, 22) . To date, the National Center for Biotechnology Information (NCBI) lists 86 recognized species (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax .cgi). However, the species differ in their abilities to cause human infection and their responses to antimicrobials (2, 6, 21, 25, 27, 33, 38) . For this reason, species identification of Nocardia isolates from clinical specimens is relevant to patient treatment and provides important epidemiological information.
Beyond Gram and modified-acid-fast staining, species identification of Nocardia relies heavily on biochemical tests and cellular fatty acid analysis, which are cumbersome, time-consuming, and not definitive. Various molecular identification schemes investigated to date represent promising alternatives (7, 10, 29, 32, 36) . However, 16S rRNA gene sequencing, considered to be the "gold standard" for bacterial identification, fails to discriminate many species (7) , and the reliability of identification methods on the basis of the DNA sequence of a single housekeeping gene suffers from stochastic genetic variation and horizontal gene transfer and recombination (12) .
Recently, multilocus sequence analysis (MLSA) has been suggested as a method to examine prokaryotic taxonomy. From phylogenetic analysis of a concatenated sequence typically consisting of 5 to 7 housekeeping genes, MLSA assigns a species designation on the basis of the assumption that sequence clusters represent species clusters (12) . MLSA has been employed to identify the species of a number of genera with very promising results (1, 4, 5, 11, 14, 15, 16, 18, 20, 24, 28, 40) . Furthermore, because of its ease of use, accuracy, and discriminatory power, MLSA may soon surpass DNA-DNA hybridization (DDH) as the gold standard for the investigation of prokaryotic taxonomy, species identification, and determination of genetic diversity (34) .
The purpose of this study was to develop an MLSA scheme for the species identification of Nocardia clinical isolates. Through phylogenetic analysis of concatenated sequences con-sisting of partial fragments of gyrase B, the ␤ subunit of a type II DNA topoisomerase (gyrB), 16S, subunit A of the SecA preprotein translocase (secA1), the 65-kDa heat shock protein (hsp65), and RNA polymerase (rpoB) genes, we delineated 30 species clusters. Since most clusters contained a single type strain, the results correlated well with existing knowledge of Nocardia taxonomy and provided a means of species assignment for the clinical isolates on the basis of strain placement within the phylogenetic analysis. Furthermore, the MLSA identifications were consistent with, although more discriminatory than, species assignments based on traditional microscopic evaluation, biochemical testing, and cellular fatty acid analysis. We present MLSA as a practical tool for routine Nocardia species identification in a clinical reference microbiology laboratory. Table 2 . Primers were designed on the basis of sequences found in GenBank. While the majority of secA1, hsp65, gyrB, and rpoB sequences were obtained with the first sets of primers listed in Table 2 , a few strains required alternate primers, which are listed subsequently for each gene. Forward and reverse cycle sequencing reactions were performed using the PCR primers and a BigDye Terminator (version 1.1) cycle sequencing kit (Applied Biosystems), with the products subsequently being sequenced on a 3130xl genetic analyzer (Applied Biosystems) according to the manufacturer's instructions.
Cluster analysis. In BioNumerics (version 6.0.1) software (Applied Maths, Austin, TX), sequences were aligned and trimmed to defined start and end positions to yield fragments of the following sizes: 462 bp for 16S, 482 bp for gyrB, 445 bp for secA1, 401 bp for hsp65, and 400 bp for rpoB. The trimmed sequences were concatenated in the order gyrB-16S-secA1-hsp65-rpoB to generate a 2,190-bp sequence. Unrooted trees obtained using individual gene sequences and concatenated sequences were generated by the neighbor-joining (NJ) algorithm following Kimura 2-parameter (K2P) correction and the maximum-parsimony (MP) algorithm using BioNumerics software. Bootstrap analysis (500 replicates) was used to assess the robustness of the clusters.
RESULTS
MLSA revealed distinct species clusters. Among all 237 strains, the diversity of the concatenated gyrB-16S-secA1-hsp65-rpoB sequences ranged from 0 to 12.2%, with 0 to 246 nucleotide differences occurring between strains. The NJ tree of the concatenated sequences ( Fig. 1 ) clearly showed 30 sequence clusters with bootstrap values of Ͼ85%, many of which contained a single type strain. In keeping with standard MLSA (18, 20, 24, 25, 32, 33, 34) , these sequence clusters were considered to represent species clusters, and the isolates within each species cluster were colored coded according to their type strain(s). In total, 93.2% (221/237) of strains were contained within 1 of the 30 species clusters. For 71.3% (169/237) of strains, a species identification was assigned because their MLSA species cluster contained a single type strain. An additional 21.9% (52/237) of strains were contained within 1 of 4 species clusters that lacked a single type strain ( Fig. 1 ; Table 1 ). On the other hand, 6.8% (16/237) of strains (5 type strains and 11 clinical isolates) failed to cluster with other strains and thus remained uncolored (white).
MLSA revealed two distinct clades that did not cluster with any of the type strains. The first was a set of 20 strains that showed a high level of concatenated sequence similarity to N. nova DSM 44481 T (98.2 to 98.7%), N. cerradoensis DSM Moreover, although the N. cyriacigeorgica group was a wellsupported species cluster, it did contain three clearly distinct subgroups supported by bootstrap values of 99%, 100%, and 100%. Table 1 lists the average genetic diversity present within each species cluster. The average genetic diversity varied depending Fig. 1; Table 1 ).
Beyond delineating species clusters, the overall structure of the NJ tree correlated well with the six drug pattern types of the Nocardia asteroides complex described by Wallace et al. (38) and clearly differentiated the well-recognized species N. brasiliensis and N. otitidiscaviarum (6) (Fig. 1) .
The concatenated sequences were used to generate a maximum-parsimony tree (data not shown). However, no major differences were observed between the MP tree and the NJ tree. All major branches were supported by both methods, except for a slight rearrangement of N. fluminea isolates with respect to N. coubleae DSM 44960 T and N. ignorata DSM 44496 T (Fig. 1) . Individual gene sequences failed to resolve species clusters. Phylogenetic analysis using the NJ algorithm applied to each of the five loci individually (data not shown) also demonstrated sequence diversity within the genus. The range of genetic diversity varied for each of the loci: 0.0 to 17.7% for gyrB, 0.0 to 9.2% for 16S, 0.0 to 18.2% for secA1, 0.0 to 13.0% for hsp65, and 0.0 to 22.3% for rpoB. Despite the observed sequence diversity, these trees failed to discriminate a number of the species clusters resolved using the concatenated sequence. Species clusters that did form generally received weak bootstrap support. Consequently, attempts to identify individual strains on the basis of cluster analysis of individual loci were unsuccessful.
Of the 179 clinical and 11 reference strains assigned to an MLSA species cluster, 148 (77.9%) had alleles at the secA1, gyrB, hsp65, and rpoB loci that were most similar to those of the other strains within its designated MLSA species cluster. However, 20.5% (n ϭ 39) of strains contained a foreign allele at one of the loci; that is, the allele was most similar to that found in the type strain representing another species cluster. This caused aberrant clustering when the single-locus tree was compared to trees constructed using the concatenated sequence, 16S, or any of the other three loci. An additional three strains (1.6%) had foreign alleles at 2 loci. Of the loci, hsp65 was the most promiscuous, with 33 strains (17.4%) exhibiting a foreign allele, compared to secA1 (3 strains, 1.6%), rpoB (6 strains, 3.2%), and gyrB (3 strains, 1.6%). Of note, 22 strains from the N. cyriacigeorgica species cluster had an hsp65 allele that exhibited 97.5 to 98.5% similarity to the hsp65 alleles of N. asiatica DSM 44668 T , N. abscessus 44432 T , and N. pneumoniae DSM 44730
T but only 96.5 to 97.3% similarity to the N. cyriacigeorgica DSM 44484 T hsp65 allele. The strains exclusively formed subgroup A of the N. cyriacigeorgica species cluster (Fig. 1) . Apart from the hsp65 allele of these 22 N. cyriacigeorgica strains, the majority of the foreign alleles (78.3%) were most similar to alleles of adjacent species clusters on the NJ tree of concatenated sequences.
As T . Identification by MLSA cluster analysis is generally concordant with, although more discriminatory, than identification achieved through microscopic examination, biochemical tests, and cellular fatty acid analysis. Figure 2 shows the NJ tree constructed using the concatenated gyrB-16S-secA1-hsp65-rpoB sequences color coded to reflect the species designations achieved through traditional morphological and microscopic examination, biochemical testing, and cellular fatty acid analysis. To correlate these results with the MLSA species designations, we considered 139 clinical isolates. vinacea. These isolates were also excluded from the comparison because the taxonomic status of these species with respect to the ever-waning N. asteroides complex remains undescribed.) In order to accommodate the evolving taxonomy of Nocardia, all strains designated N. asteroides complex by microscopic/biochemical/cellular fatty acid identification were considered concordant with any MLSA species cluster designation from the following : N. abscessus, N. brevicatena, N.  paucivorans, N. nova, N. veterana, N. africana, N. kruczakiae, N.  transvalensis, N. wallacei, N. farcinica, and N. cyriacigeorgica (6, 8) . Furthermore, the MLSA identification of isolates of the N. abscessus/N. arthritidis-like species cluster and the N. nova/N. cerradoensis/N. kruczakiae/N. aobensis-like species cluster was considered concordant with a microscopic/biochemical/cellular fatty acid identification of N. asteroides complex since the species describing these clusters are part of the N. asteroides complex. The concordance between the microscopic/biochemical/ cellular fatty acid identification and the MLSA species cluster designation was 95% (132/139); however, MLSA was far more discriminatory because it identified the species of 84 isolates defined as N. asteroides complex by microscopy, biochemical, and cellular fatty acid testing.
N. cyriacigeorgica and N. farcinica were the most commonly encountered species among clinical isolates. Table 1 Toward a species identification scheme for Nocardia. Although five-locus MLSA definitively differentiates many species clusters and facilitates the identification of unknown isolates, the routine amplification of five loci from each and every clinical isolate in a clinical laboratory setting would be too cumbersome. Therefore, we reanalyzed the data in various combinations to produce three-and four-locus NJ trees (data not shown). (Most combinations included the 16S locus because of its predominance in sequence-based identification schemes.) The trees were examined to determine whether they yielded the same species clusters and strain placement as the five-locus tree. As expected, the four-locus trees correctly assigned clinical and reference isolates more frequently than the three-locus trees. The gyrB-16S-secA1-hsp65 and gyrB-16S-secA1 MLSAs yielded the highest correlations (99.5% and 98.5%, respectively) with the five-locus MLSA, while the 16S-secA1-hsp65 MLSA produced the lowest at 88.1%.
DISCUSSION
The aim of this study was to develop a system for the species identification of Nocardia that confidently and powerfully discriminates species, satisfies the most current theories in prokaryotic taxonomy, and yet can be implemented for routine use in a clinical laboratory setting. The MLSA presented here provides such an all-encompassing identification system capable of differentiating currently recognized species and pinpointing anomalous strains potentially representing undescribed species. It is demonstrably superior to identifications based on traditional microscopic examination, biochemical tests, and cellular fatty acid analysis because of its unparalleled ability to comprehensively discriminate a myriad of old and new species recently added to the genus (6, 22) .
Of the many approaches to species identification, MLSA represents an ideal method for such a taxonomically diverse and challenging group as the Nocardia. Although DDH has long been held to be the gold standard for prokaryotic species demarcation, MLSA may soon supplant DDH to become the primary measure of bacterial diversity and species identification (34) . While the results of MLSA correlate well with DDH taxonomic classifications (5, 28, 30, 31) , it is technically easier to perform and allows the rapid concurrent comparison of multiple strains. Compared to single-locus sequence-based identification schemes (e.g., 16S rRNA), it yields a fuller understanding of the genome by sampling multiple alternate regions of the DNA. The use of multiple loci buffers against stochastic genetic variation and horizontal gene transfer with homologous recombination (12, 17, 35) . MLSA is less cumbersome than biochemical testing, yet it demonstrates greater discriminatory power (12, 35) .
In keeping with the standard MLSA protocol, we chose the following four single-copy housekeeping genes for analysis, in addition to 16S rRNA: secA1, which encodes subunit A of a preprotein translocase; hsp65, which encodes a 65-kDa heat shock protein; rpoB, the gene for RNA polymerase; and gyrB, the gene for the ␤ subunit of a type II DNA topoisomerase. Each of these loci has previously been recommended as a conserved core marker suitable for bacterial systematics (19) , and most have been used individually for sequence-based identification of Nocardia species (7, 10, 29, 32, 36) .
MLSA using the NJ phylogenetic tree generated from the concatenated gyrB-16S-secA1-hsp65-rpoB sequences of 237 strains demonstrates a tremendous amount of genetic diversity among the Nocardia. As recommended for MLSA analysis, species clusters were delineated on the basis of visual inspection of the tree rather than an arbitrary percent similarity threshold largely because intraspecies genetic diversity levels generally vary between species clusters (4, 12) . Indeed, our analysis also showed that the degree of genetic diversity within Nocardia species clusters fluctuated substantially, discouraging the use of a cutoff value. Remarkably, 30 species clusters were identified within a genus that until recently contained only a few species (26) . While individual treatment of the loci produced ambiguous and unreliable species identification, concatenation of all five loci resolved the species clusters with very strong (Ͼ85%) bootstrap support, providing a high degree of confidence in the species assignments. As a method of determining the species identity of the strains, MLSA was highly successful: 71.3% received a species assignment, while important taxonomic information was revealed about an additional 21.9% of strains which comprised clusters that did not contain a single type strain.
MLSA ideally utilizes a large number of strains that are representative of the diversity within the genus. Large numbers of isolates produce robust species clusters, which in turn increases confidence in species identification (12, 17) . In this study, many of the clusters contained Ͻ5 isolates. While this is less than ideal, the MLSA scheme presented here did demarcate and cluster the available strains with a high degree of bootstrap support. The analysis provides a solid foundation to which more strains can be added in the future. As more concatenated sequences are added, the compositions of the clusters and their connections can be expected to change to provide a more accurate picture of the genus (12) .
Despite the need for more isolates in some species clusters, 22 .1% (42/190) of the Nocardia isolates had foreign alleles discernible at one or more loci, often from a neighboring cluster, indicating that a history of interspecies recombination has distorted the phylogenetic relationships between species clusters. This phenomenon as well as the discovery of two well-resolved species clusters that lack a type strain discourages the practice of comparing a single housekeeping locus allele sequence to the sequences of a set of type strains as a method for species delineation. However, during MLSA, the phylogenetic signals from multiple loci generally buffered the effect of the foreign allele, such that species clusters were still resolved, albeit fuzzy (16), due to the presence of intermediate genotypes and provided a method for identifying novel species clusters.
Studies with other bacterial genera suggest using MLSA to inform the discovery of new species or taxonomic revisions (5, 13, 14, 20, 24, 30, 31) . In our study, MLSA did not distinguish either the N. arthritidis, N. gamkensis, and N. exalbida type strains or the N. ignorata and N. coubleae type strains. While sequence analysis of additional genes may demarcate these type strains, failure to do so would prompt an extensive evaluation of the legitimacy of their species status. The N. abscessus/N. arthritidis-like and N. nova/N. cerradoensis/N. kruczakiae/N. aobensis-like clusters appear to be a fusion of alleles from two or three type strains. Additional sequences should either reassign these isolates to type strain-defined species clusters or prompt the characterization of new species. The species or subspecies status of the three subclusters of N. cyriacigeorgica would benefit from further taxonomic investigation, especially considering its importance as a human pathogen (9, 39 new species, provided that they fail to cluster with additional type strains when they are incorporated into the analysis. In all cases, novel species discovery must be supported by MLSA as well as DDH data, extensive biochemical and phenotypic characterizations, and perhaps ecological distinction (12, 13, 20, 30, 31) . The species distribution recovered among Ontario clinical isolates correlates well with the distributions presented in other reports, which also list N. cyriacigeorgica, N. farcinica, N. nova, and N. abscessus among the most frequently encountered species from clinical specimens (2, 21, 25, 27, 33) . Lack of information regarding clinical symptoms precludes any speculation as to whether the various species infect or simply colonize humans.
While MLSA may involve anywhere from 3 to 8 loci, depending on the genus, at some point additional loci fail to enhance species delineation (4, 17) . In order to avoid excess labor and cost in a routine laboratory setting, we sought to identify the best combination of 3 or 4 loci that maintain a good resolution of species clusters. Either the gyrB-16S-secA1-hsp65 MLSA or the gyrB-16S-secA1 MLSA is a good option, as each provides the correct species cluster assignment for 99.5% and 98.5% of the isolates, respectively. Frequently encountered species could be confidently assigned on the basis of either of these truncated MLSA methods, with the 5-locus MLSA being reserved for identification of rare species.
In summary, we have developed a MLSA method capable of demarcating various species clusters from among type strains, reference strains, and clinical isolates. This system is superior to biochemical testing for the identification of unknown strains because of its simplicity and ease of use, its discriminatory power, and its ability to concurrently provide taxonomic information on virtually all strains of Nocardia encountered in a clinical setting.
